The effect of single or repeated episodes of cerebral ischemia on protein biosynthesis and neuronal injury was studied in halothane-anesthetized gerbils by autoradiography of [14C]leucine incorporation into brain proteins and light microscopy. For quantification of the protein synthesis rate, the steady-state precursor pool distribution space for labeled and unlabeled free leucine was determined by clamping the specific activity of [14C]leucine in plasma, and by measuring free tissue leu cine in samples taken from various parts of the brain. Control values of protein synthesis were 14.6 ± 2.2, 5.8 ± 2.3, 14.2 ± 3.1, and 10.0 ± 3.8 nmol g-1 min-1 (means ± SD) in the frontal cortex, striatum, CAl sector, and thal amus, respectively. Following a single episode of 5 or 15 min of ischemia, protein synthesis recovered to normal in all brain regions except the CAl sector, where it returned to only 50% of control after 6 h and to less than 20% after
In the gerbil brain, repetitive ischemic episodes of 2-5 min duration spaced at 1 h intervals result in more severe neuronal damage than a single episode of the same duration (Tomida et aI., 1987; Kato et aI., 1989) . Various factors may contribute to the cumulative effect of repeated ischemia: progressive hypoperfusion and brain edema (Tom ida et aI., 1987; Vass et aI., 1988b) , abnormal calcium accu mulation (Kato et aI., 1989; Araki et aI., 1990b) , and excitotoxic mechanisms as indicated by the benefi cial effect of glutamate antagonists (Kato et aI., 1990) .
3 days of recirculation. After three episodes of 5 min of ischemia spaced at I h intervals, protein synthesis re mained severely suppressed in all brain regions after both 6 h and 3 days of recirculation. Inhibition of protein syn thesis after 6 h predicted histological injury after 3 days of recirculation. In animals submitted to a single episode of 5 or 15 min of ischemia, histological damage was re stricted to the CA I sector but injury occurred throughout the brain after three episodes of 5 min of ischemia. These observations demonstrate that persisting inhibition of protein synthesis following cerebral ischemia is an early manifestation of neuronal injury. Prevention of neuronal injury requires restoration of a normal protein synthesis rate. Key Words: Protein synthesis-Repeated isch emia-Selective vUlnerability-Hippocampus Striatum-Rats.
Obviously, the cumulation of ischemic injury must be related to the loss of essential cell constit uents that support neuronal viability. It is, there fore, of interest to know whether disturbances of protein synthesis are involved in this process. In fact, delayed neuronal death in selectively vulnera ble areas after a single episode of global ischemia has been attributed to the irreversible suppression of protein synthesis (Bodsch et aI., 1985; Thilmann et aI., 1986; Widmann et aI., 1991a) . It is, therefore, conceivable that following repeated ischemic epi sodes, synthesis of protective macromolecules such as calcium-binding proteins or neuropeptides may become a limiting factor for cell survival.
A methodological problem of quantitative mea surements of protein synthesis is the complexity of the tracer kinetics and the compartmental modeling (Smith et aI., 1984; Keen et aI., 1987; Lestage et aI., 1987; Kirikae et aI., 1988) . In all previous studies in gerbils, protein synthesis was investigated either qualitatively or semiquantitatively by measuring the relative amount of protein-incorporated radioactiv ity (Yanagihara, 1978; Thilmann et al. , 1986; Yoshimine et al., 1987; Xie et al. , 1989a,b; Araki et al., 1990a) . This approach is adequate to identify focal areas of disturbed protein synthesis but not for evaluating global alterations of protein synthesis rate. For this reason, a quantitative approach that has been developed in rats (Widmann et al. , 1991b) was modified for use in gerbils in order to assess the influence of repetitive ischemia on the postischemic protein synthesis rate. Our observations demon strate that repeated episodes of brief ischemia in hibit protein synthesis much longer and more se verely than a single ischemia of the same or even the combined length of the repeated episodes.
MATERIALS AND METHODS

Animal experiments
Female gerbils (60-80 g, Hoechst, Frankfurt, Germany) were randomly divided into one control (n = 4) and six experimental groups (n = 4-6). Ischemia was induced under light halothane anesthesia (1 % in a mixture of 30% O2 and 70% N2) by bilateral carotid artery occlusion for either 5 min or 3 x 5 min with 1 h intervals or 15 min duration. Body temperature was maintained during sur gery at 37°C via a feedback-controlled heating lamp. After removing the clips, restoration of blood flow was verified under the operating microscope, the skin incision was sutured, and the animals were allowed to survive for 6 h and 3 days, respectively. Experiments were repeated when animals died after ischemia. Control gerbils under went the same procedure as experimental animals with the exception of arterial occlusion.
Approximately 50 min before the end of the recircula tion period, the animals were reanesthetized and a femo ral artery and a femoral vein were cannulated. L-[14C]leu cine (15 fLCi/gerbil in 500 fLl of 0.9% NaCI, C I -Iabeled specific activity of 54 mCi/mmol, Amersham, Braun schweig, Germany) was infused over a period of 32 min using an infusion pump (Havard Apparatus, Millis, MA, U.S.A.). The infusion speed was controlled to achieve constant tracer activity in the plasma over the 32 min incorporation period. In order to establish the infusion protocol, three control gerbils received a bolus of 15 fLCi of [14C]leucine, and the time course of the specific activ ity of e4C]leucine in plasma was determined. The data were submitted to impulse analysis by Laplace transfor mation (Patlak and Pettigrew, 1976) , and processed for calculation of an infusion schedule that compensated for the decline of the specific activity in plasma (we thank K. Schmidt for doing the computer analysis).
During tracer infusion, 50 fLl of arterial blood samples were collected after 2.5 min and then every 5 min throughout the infusion period. Blood samples were im mediately centrifuged (10,000 g, 2 min) and 20 fLl of plasma was deproteinized by the addition of the same volume of 10% trichloroacetic acid (TCA).
At the end of the tracer infusion, the gerbils were de capitated, and the brains were rapidly removed and im-J Cereb Blood Flow Metab, Vol. 12, No.3, 1992 mediately frozen in precooled isopentane ( -50°C). Cryo stat sections (20 fLm) at the level of the striatum and hip pocampus were prepared at -20°C for autoradiography and histology, respectively. For the biochemical analysis, tissue samples (8-20 mg) were taken from the frontopa rietal cortex, the striatum, the CAl sector, and the thal amus. The samples were sonified in 10% TCA (1:50, w/v) and then processed, as described below.
Determination of leucine and [
14 C]leucine in plasma and tissue
Deproteinized tissue or plasma samples were centri fuged (10,000 g, 2 min) at 4°C. Supernatants of plasma (25 fLl) or tissue samples (350 fLl) were lyophilized (Univapo, Munich, Germany) and subsequently solubilized via son ification in 50 fLI of 0.1 M NaB0 4 , pH 9.5. Leucine and [14C]leucine were measured by precolumn derivatization with o-phthaldialdehyde using HPLC and fluorometric detection, as previously described (Widmann et aI., 199Ia) . Peak identification for leucine was carried out with an internal standard procedure using [14C]leucine. Fractions were automatically collected, and radioactivity was determined by liquid scintillation spectrometry (Wal lac 1410, Pharmacia, Freiburg, Germany) after addition of 10 ml of Quickszint 402 (Zinsser, Frankfurt, Germany). The specific activity was calculated by dividing the radio activity (nCi) in the eluted fractions by the amount of leucine (nmol) in the corresponding fluorescent peak.
Quantitative autoradiography
A protocol described previously was used (Mies et aI., 1986) . The sections were thaw-mounted on glass cover slips, incubated overnight in 10% TCA to remove TCA soluble radioactivity (Yoshimine et aI., 1987) , rinsed with water for 5 min, air dried, and exposed to Kodak NMB film for 14 days. Optical densities of autoradiographic images were measured with a rotating densitometer (Scandic 3, Joyce Loebl, Gateshead, England) connected to an image processor (ID 2000, De Anza Systems, Fre mont, CA, U.S.A.) and a laboratory computer (PDP 11/ 24, Digital Equipment, Maynard, CA, U.S.A.). The tis sue radioactivity was quantified using the optical density/ radioactivity relationship obtained with tissue-calibrated 14C polymer standards C4C microscales, Amersham, Braunschweig, Germany). Anatomical localization was done using a stereotaxic atlas of the brain (Loskota et aI., 1974) .
Determination of the rate of [ 14 C]leucine incorporation
[14C]leucine incorporation into brain proteins was cal culated using the operational equation of Smith et al. (1988) :
Ri is the rate of [14C]leucine incorporation into tissue pro teins (nmol g-I min-I); ct (nCi g-I) is the radioactivity in the tissue after removal of free [14C]leucine and 14C metabolites; C� (nCi ml-I) and Cp (nmol ml-1) are the radioactivity of [14C]leucine and the concentration of free leucine in arterial plasma; and A is the ratio of labeled to unlabeled precursor pool distribution space in the tissue.
In the original study, A was determined experimentally in rats by dividing the steady-state specific activity of [3H]leucyl-tRNA in the tissue by the specific activity of eH]leucine in the arterial plasma (Smith et ai., 1988) . In the present investigation, this approach could not be used because the amount of [14C]leucyl-tRNA in the brain re gions of interest would be too small for accurate measure ments (Hargreaves- Wall et ai., 1990) . However, under conditions of constant specific activity of plasma, [14C]leucyl-tRNA approaches that of [14C]leucine in brain tissue (Hargreaves-Wall et ai., 1990) . Therefore, the spe cific activity of plasma [14C]leucine was maintained con stant by a controlled infusion paradigm, in order to obtain real steady-state conditions. After 32 min, the specific activity of [14C]leucine in brain samples was measured by HPLC, and the ratio A of labeled to unlabeled precursor distribution space was estimated from the ratio of tissue to plasma [14C]leucine specific activity.
Histology
Cryostat sections adjacent to those used for autoradi ography were examined by light microscopy. Sections from three levels of the brain were fixed in 10% formal dehyde for 24 h and further processed for conventional cresyl violet staining. For the evaluation of ischemic neu ronal injury, cell damage in the frontal cortex, the stria tum, hippocampal CAl and CA3 sectors, dentate gyrus, and thalamic nuclei was classified according to the fol lowing score: 0 = no damage, I = discrete ischemic changes, 2 = pronounced ischemic changes, and 3 = massive ischemic neuronal damage. The observer (P.B.) was unaware of the identity of the sections examined.
Analysis of data
All values are means ± SD. Statistical evaluation was done by analysis of variance (ANOV A) (single factor), followed by Fisher's protected least square difference (PLSD) test for multiple comparisons, where appropriate.
RESULTS
Neurological observations
After a single episode of 5 min of ischemia, ani mals rightened within 15 min after the beginning of recirculation. Subsequently, they underwent a pe riod of locomotor hyperactivity that lasted for sev eral hours. One day after ischemia, gross neurolog ical symptoms were absent. After 15 min or three episodes of 5 min of ischemia spaced at 1 h inter vals, rightening did not occur before 30 min, and no locomotor hyperactivity was observed. A substan tial number of animals either did not righten after ischemia or became lethargic after several hours of recirculation, and eventually died. In the 6 h sur vival groups, mortality was 0, 44, and 50% after 5 min, 3 x 5 min, and 15 min of ischemia, respec tively. In the 3 day survival groups, mortality was 17, 44, and 55%, respectively. Obviously, the pro tein synthesis rate could only be measured in sur viving animals. The following results, therefore, are weighted for the less severely injured animals of each group.
Biochemical analysis
The specific activity of [ 1 4C]leucine in plasma was kept within 12% over the whole incorporation period (32 min). In control animals, free leucine lev els in tissue samples from the frontal cortex, stria tum, CAl sector, and thalamus ranged between 144 and 180 pmol/mg (Table lA) . Following single or repeated ischemia and recirculation for 6 h, free ) leucine increased about twofold in all regions ex cept in the frontal cortex and thalamus of the 5 min of ischemia group. After 3 days of recirculation, free leucine was still increased but did not differ significantly from control levels. The specific activity of e4C]leucine measured in tissue samples was substantially lower than in plasma. Dividing the tissue specific activity of free e4C]leucine through that of the last plasma sample gave tissue/plasma ratios (1\) that ranged from 0.33 to 0.47 in control animals (Table 1B) . In ischemic animals, 1\ was between 0.19 and 0.47. Due to the large scatter, no significant differences from con trols were found. There was also no consistent dif ference between repeated and single ischemia or different recirculation times. matter structures (Fig. 1A,B ). Quantitative autora diography and insertion of the respective 1\ into Eq.
(1) yielded control rates of e4C]leucine incorpora tion of 14.6 ± 2.2, 5.8 ± 2.3, 14.2 ± 3.1 and 10.0 ± 3.8 nmol g-I min -I (mean ± SD) in the frontal cortex, striatum, CAl sector, and the thalamus, re spectively ( Table 2) .
Following 5 min of ischemia and recirculation for 6 h, [14C]leucine incorporation was not significantly different from control except in the CAl sector, where it was only 46% of control (Fig. 2, Table 2 ). Prolonging the duration of ischemia to 15 min did not aggravate the decrease in e4C]leucine incorpo ration in the CAl sector, and had no or only minor effects on the frontal cortex, striatum, and thala mus. In contrast, e4C]leucine incorporation was se verely inhibited 6 h after 3 x 5 min of ischemia. The inhibition was most pronounced in the thalamus (7% of control), followed by the striatum (12%), the CAl sector (16%), and the frontal cortex (58%).
Animals that were recirculated for 3 days after 5 min of ischemia showed the well-known pattern of Autoradiograms of C4Clieucine incorporation into brain proteins of gerbil after 5 min, 15 min, and 3 x 5 min of ischemia followed by 6 h and 3 days of recirculation. Tissue sections at the level of striatum (A) and dorsal hippocampus (8) were treated with TCA to remove nonincorporated radioactivity. Note the inhibition of [14C]leucine incorporation in the CA1 sector of the hippocampus under all experimental conditions. After repetitive ischemia, protein synthesis was additionally inhibited in stria tum, thalamus, and circumscribed regions of cerebral cortex. 
Values are means ± SD (n = 4--6 ); percentages of control in parentheses. Statistical analysis was performed by one-factor ANOVA followed by Fisher's PLSD test. a p < 0.05, control vs, experimental groups; b p < 0.05, 3 x 5 min vs. 15 min group, severely reduced amino acid incorporation into pro teins of the CAl sector, whereas the other regions had recovered to or close to control (Fig. 2 , Table  2 ). A similar pattern was found after 15 min of ische mia. In contrast, 3 x 5 min caused severe inhibition of e4C]leucine incorporation not only in the CAl sector 00% of control) but also in the striatum to 3 x 5 min of ischemia. The other animals were normal. After 3 days of recirculation, all animals investigated showed more or less severe ischemic injury. A consistent finding was the cell loss in the CAl sector in all ischemia groups (Fig. 3 , Table 3 ).
Other regions were damaged to a different degree, depending on the severity of ischemia. After 5 min of ischemia, some minor damage was present in the cortex (layer IIIIll) , the striatum, and the thalamus.
Prolonging the duration of ischemia to 15 min led to severe damage in the striatum. Repetitive ischemia dramatically aggravated neurological injury also in the frontal cortex and the thalamus (Fig. 4, Table 3 ).
DISCUSSION
Quantitative measurements of protein synthesis with tracer concentrations of labeled amino acids require knowledge of the integrated specific activity of the acyl-tRNA precursor pool (Smith et aI., 1984) . In the gerbil brain, such measurements are difficult to perform because the regions of interest are too small for accurate acyl-tRNA measure ments. Under pathological conditions, this problem is further complicated by uncertainties about the reproducibility of the pathological process, which precludes the use of different animals for establish ing the time course of the precursor pool specific activity. For this reason, all previous studies in ger bils have been restricted to qualitative auto radio graphic imaging of regional alterations, or to semi quantitative estimates of protein synthesis obtained by dividing the protein-incorporated radioactivity by the integrated specific activity of amino acids in plasma (Bodsch et aI., 1985; Thilman et aI., 1986;  J Cereb Blood Flow Me/ab, Vol. 12, No.3, 1992 Yoshimine et aI., 1987; Xie et ai., 1989a,b; Araki et aI., 1990a; Widmann et aI., 1991a) . This approach, however, does not consider the time lag of the equilibration between plasma and tissue amino ac ids, nor the kinetics of tRNA acylation or the ad mixture to the tissue precursor pool of amino acids derived from proteolysis.
We have tried to solve this problem by clamping the specific activity of the amino acid tracer, e4C]leucine, in the plasma at a constant level, and by measuring the specific activity of the free leucine in mUltiple brain samples taken from the same tis sue block used for the preparation of autoradio grams. Clamping of the specific activity of the amino acid in plasma produces real steady-state conditions that minimize the error induced by the time lag of equilibration between plasma and tissue (Smith et aI., 1988) . Under this condition, the mea surement of tissue free amino acids truly reflects the specific activity of the corresponding acyl tRNAs because equilibration between the two pools is fast in comparison to the amino acid incorpora tion time (Hargrea ves-W all et aI., 1990) . This ap proach also allows the numerical evaluation of in ternal amino acid admixture because the deviation of the tissue/plasma ratio of amino acid specific ac tivity from unity is the admixture of unlabeled amino acids derived from protein degradation. Our results revealed that this admixture amounts to 53 to 67% of the free amino acid pool and, in conse quence, substantially influences the calculation of the protein synthesis rate. The protein synthesis rates of normal gerbil brain were between 6 nmol g-I min -I in the striatum and 10-15 nmol g-I sector of the hippocampus of control gerbil (A) and of gerbils submitted to 5 min of ischemia (B), 15 min of isch emia (e). and 3 x 5 min of ischemia (D) followed by 3 days of recirculation. Note the severe (grade 3) morpholog ical injury of the pyramidal cell layer in all ischemic animals (cresyl violet staining). Frontal cortex 0 0 0 0 1. 0 ± 1.2 1. 5 ± 1.0 2.5 ± 0.8* Striatum 0 0 0 0 1.3 ± 1.5 2.8 ± 0.5 2.7 ± 0.8 CAl 0 0 0 1.8 ± 0. 5 2.8 ± 0. 5 2.8 ± 0.4 2.8 ± 0.5 Thalamus 0 0 0 2. 0 ± 1.4 1.0 ± 1.2 0.8 ± 1.5 2.7 ± 0.5* Neuronal injury was classified according to the following score: 0 = no damage, I = discrete ischemic changes, 2 = pronounced ischemic damage, and 3 = massive ischemic neuronal damage. The observer was unaware of the identity of the sections examined.
Values are means ± SD (n = 4-6). Statistical analysis was performed by one-factor ANOVA followed by Fisher's PLSD test. * p < 0.05, 3 x 5 min vs. 15 min group.
min -1 in the other gray matter structures of the brain. These values compare well with our previous study in the rat in which a similar approach was taken to quantify the cerebral protein synthesis rate (Widmann et aI., 1991b) . However, the equivalence of specific activity may not hold under pathological conditions. For example, in a recent study of hy perphenylalaninemia, the specific activity in the tRNA pool was found to be more than double the specific activity in the free leucine pool when plasma phenylalanine exceeded 500 fLM . In the present investigation, such variations of plasma amino acids did not occur but it cannot be excluded that the specific activity of the leucyl-tRNA pool rose for other reasons. As a re sult, the calculated protein synthesis rate may be an overestimation of the actual rate, and the postisch emic depression of protein synthesis may be even more pronounced than assumed. The regional pattern of reduced amino acid incor poration in the CAl sector of hippocampus after 5 Note the disseminated neuronal loss after repeated ischemia (cresyl violet staining).
min of ischemia and 6 h or 3 days of recirculation was similar to that previously described by using qualitative or semiquantitative autoradiography (Bodsch et aI., 1985; Thilmann et ai., 1986; Xie et ai., 1989b; Widmann et aI., 1991a) . These studies consistently showed that postischemic protein syn thesis remains severely suppressed in the CAl sec tor of the hippocampus but recovers to normal in the other regions of the brain. Prolongation of the ischemia time to 15 min raised the mortality of the animals but did not change the pattern of disturbed protein synthesis in the surviving animals. Repeti tion of three episodes of 5 min of ischemia, in con trast, resulted in a marked deterioration of protein synthesis in all brain regions although the mortality was the same as after a single episode of 15 min of ischemia. The more severe metabolic injury, as a consequence, cannot be related to a selection error introduced by the fact that protein synthesis could only be measured in the surviving animals.
The cumulative effect of repetitive ischemia has been described before and seems to depend on the interval between the ischemic episodes. Either shortening the intervals to 3 min or lengthening of the intervals to 12 h distinctly reduces the severity of ischemic injury (Tomida et aI., 1987; Nakano et aI., 1989) . The cumulation of repetitive ischemia must therefore be related to dynamic pathological changes that develop during the intervals between the ischemic episodes. Several such factors have been discussed. One is the development of severe hypoperfusion between and after the ischemic episodes (Tomida et aI. , 1987) . Another factor is brain edema, which be comes more prominent after repeated ischemia (Vass et aI. , 1988b) . More recently, massive accu mulation of calcium has been reported that is thought to depend on the intermittent release of ex citatory amino acids (Kato et aI., 1989 (Kato et aI., , 1990 Araki et aI. , 1990b) .
The present demonstration of prolonged inhibi tion of protein synthesis adds another aspect to the pathomechanism of this phenomenon. There is gen eral consent that the postischemic inhibition of pro tein synthesis occurs mainly at the translational level (Cooper et aI., 1977; Yanagihara, 1978; Nowak, 1990) . The most likely mechanism is an inhibition of polypeptide chain initiation because the inhibition of protein synthesis is associated with a disaggregation of ribosomes (Cooper et aI. , 1977; Xie et aI. , 1989b) . Inhibition of polypeptide chain initiation is partly calcium dependent (Schatzman et aI., 1983; Alcazar et aI. , 1988) and can be linked to postischemic disturbances of intracellular calcium homeostasis. It is conceivable that the repetition of the ischemic impact at 1 h intervals prolongs this disturbance to a point where spontaneous recovery is no longer possible. This could explain how both shortening or lengthening of the interval between the ischemic episodes reduces ischemic injury: shortening because this reduces the duration of dis turbed calcium homeostasis, and lengthening be cause ion homeostasis, and as a consequence pro tein synthesis, is able to recover during the in terischemic interval.
An important aspect of the present study is the question of whether inhibition of protein synthesis is the reason or a symptom of the established isch emic injury. An argument against a causative role is the dissociation between morphological injury and the rather well-preserved protein synthesis rate in the striatum of animals recirculated for 3 days after 15 min of ischemia. However, in all other groups and brain regions, severe inhibition of protein syn thesis accompanied or preceded morphological damage. Obviously, persisting inhibition of protein J Cereb Blood Flow Metab, Vol. 12, No. 3, 1992 synthesis necessarily results in cell death but it is reasonable to assume that other ischemia-induced changes also contribute to the pathological process. One of these is selective gene expression of the im mediate-early response or heat shock proteins. These proteins are expressed during the early recir culation period despite the global inhibition of pro tein synthesis and may lead to secondary metabolic alterations (Nowak, 1985 (Nowak, , 1990 Dienel et aI., 1986; Vass et aI. , 1988a; Onodera et aI. , 1989; Abe et aI., 199 1; Simon et aI. , 199 1) . They are expressed mainly in the hippocampus and have been related to the manifestation of selective vulnerability. Al though the role of these proteins for neuronal sur vival remains to be clarified, it is conceivable that repetition of ischemia leads to the induction of these genes outside the vulnerable parts of the brain and to a spread of the injury to these regions. This hy pothesis, however, is speculative and requires ex perimental validation.
In conclusion, the present experiments demon strate that aggravation of ischemic injury following repeated episodes of brief ischemia is associated with persisting disturbances of protein synthesis in areas outside the selectively vulnerable parts of the brain. The ability of the brain to survive an ischemic impact depends on the capacity of the nerve cell to reverse this disturbance. Future experiments should therefore aim at the elucidation of the mech anisms involved.
